Substrate compositions having a polymeric matrix, a reinforcing component, and a conductive filler were developed for bipolar electrodes to be used in zincbromine battery systems. Among the various possible composite combinations, those based on carbon black as a conductive filler were given special attention. They combine the inherent properties of polymers&mdash;such as toughness, flexibility, low density, etc&mdash;with a high conductivity ( & s i g m a ; = 0.2 to 1 ohm -1 -cm -1 ). One of the problems recognized with the use of bipolar electrodes containing high surface area carbon blacks in zinc-bromide batteries is the warpage of the electrodes. Under service conditions, warpage causes an uneven flow distribution of the electrolyte on the electrode surface and results in loss of cell capacity at low cycle life. The warpage was found to occur because of physical expansion of electrodes resulting from bromine absorption by the high surface area carbon black. Composite substrate compositions with excellent dimensional stability that have eliminated electrode warpage as the primary battery failure mechanism were prepared by using two novel thermoplastic-composite fabrication techniques.
INTRODUCTION

INC-BROMINE
BATTERIES have been designed for use in electric vehicles and for bulk energy storage. Such applications can take full advantage of the high energy density and low manufacturing costs offered by the zinc-bromine system. Zinc-bromine battery projections compare favorably with both lead acid batteries and other advanced battery candidates.
By following a typical charge-discharge cycle, the operation of a zinc-bromine battery can easily be understood. During charging, zinc is plated at the negative electrode and bromine is evolved from the positive electrode. Bromine reacts with a soluble complexing agent supplied in the system to form a second liquid phase. The bromine-rich phase is then removed from the stack of electrodes and separated by gravity in the catholytic storage region. An emulsion of the bromine-rich phase and the aqueous bromine phase is fed back to the stack. The electrochemical reactions involved during charge of the zinc-bromine battery system can be shown as follows:
During discharge, the reverse reactions happen, forming the first zinc-bromine solution and liberating the energy absorbed during charging. The separator prevents direct mixing of anolyte and catholyte.
In recent years, various advanced zinc-bromine battery designs have been proposed based on the circulating electrolyte and nearly all plastic structural members of the battery [1] [2] [3] [4] [5] . One of the key components of such battery systems is the bipolar electrode. The bipolar electrode is a flat, thin (about 0.015 to 0.120 inches) component of the battery which may change in size and shape depending on application and specific design requirements. The most suitable substrate for zinc-bromine batteries is expected to have the following combination of properties : low resistivity, adequate strength, flexibility, chemical stability and least expansion during use.
Many attempts have been made to make composite electrodes from polymeric materials loaded with conductive fillers such as carbon black, graphite or finely divided metals. Among the various possible composite combinations, those based on carbon black as a conductive filler were given special attention. They combine the inherent properties of polymers -such as toughness, flexibility, and chemical resistance-with a high conductivity. They are also lightweight and can be mass produced through inexpensive processes such as extrusion and injection molding.
A common mode of failure for batteries has been expansion of the electrode structure, which causes warpage and leads to eventual system failure. As the brominated electrolyte interfaces with the electrode, bromine is absorbed onto the surface of carbon fillers used in prior systems and the polymer matrix relaxes. Because of this absorption and relaxation, the overall dimensions of the electrode increase. In most systems, the electrode is fixed in place at the periphery, and the increase in size can only be fitted by warpage. The warpage causes an uneven flow distribution of the electrolyte on the electrode surface and results in loss of cell capacity at low cycle life. Therefore, it is essential that a bipolar electrode substrate exhibit the desired physical properties listed earlier, yet not be subject to warpage. This paper deals with the results of experimentation focused upon developing a high performance, low cost, bipolar electrode for use in zincbromine batteries.
EXPERIMENTAL
In this study, we used a polypropylene (PP) copolymer from Himont, a high density polyethylene (HDPE) from Union Carbide, a polyvinylidene fluoride (PVDF) from Soltex, a carbon black (Ketjenblack EC) from Akzo Chemie America, glass fibers from Owens-Corning and a glass mat from PPG Industries. The average molecular weight of the polymers was measured with Water's 150-C gel permeation chromatograph (GPC).
Compounding of the polymers, carbon black, and glass fibers was carried out in a single screw extruder for each specific composition. Substrate compositions were confirmed by thermogravimetric analysis (TGA) after compounding. About 50 mg of the samples was heated in a DuPont 951 TGA to 600°C in an inert atmosphere at a constant heating rate of 10°C/minute while the weight changes were recorded.
The tensile strength of the composite substrates was determined by ASTM D638 using an Instron. A DuPont 910 differential scanning calorimeter (DSC) with 1090 controller was used to monitor the effects of bromine on the thermal characteristics of the polymer matrix. A sample of 3 to 5 mg substrate material was first heated from 25 ° C to 200°C with a heating rate of 10 ° C/min, and then maintained at 200 ° C for 5 minutes. The sample was then cooled to room temperature and reheated to 200°C at the same rate. The thermograms of the second heating cycle showed the most information about the bromine attack on the polymers.
The resistivity (Q) of the substrates was measured using the four-point probe method in which a sample taken from the composite measuring 3 inches long and 1 inch wide was used. Four platinum wires were bonded parallel to each other, about 1 inch apart along the length of the samples using a water soluble conductive adhesive. Current ranging from 1 to 5 milliamperes was applied across the sample from the outside probes, and the voltage drop because of the resistivity of the sample was measured from the two inside probes. Resistance (R) was calculated using Ohm's law. The resistivity (g) was then calculated by the following relation:
where the cross-sectional area of the sample is A and the distance between the two inside probes is L.
The expansion of the electrode material was measured by exposing the samples either to bromine vapor or battery electrolyte. The measurement of expansion by exposing the sample to bromine vapor takes a shorter amount of time (usually a few days or less) than testing in an aqueous battery electrolyte (3 molar ZnBr2 and 2 molar Br2), where 2 to 3 weeks are needed. Samples from electrode materials were cut to a size of about 5 by 10 cm, weighed, and measured accurately. The samples were placed in a sealed jar containing bromine or electrolyte. Following the test period, they were removed, weighed, and measured again as quickly as possible. The weight gain and percent expansion were then calculated.
RESULTS AND DISCUSSION
Conductive Polymer Composites
Conductive polymer composites can generally be made by using conductive fillers such as carbon black, graphite, metal flakes or powders, or other highly conductive materials. Carbon black is the most widely used filler in the preparation of conductive composites. Carbon black is typically a pyrolysis product of a hydrocarbon, such as oil, subjected to very high temperatures. It may be partly graphitic with an onion-skin surface, and the size of the spheres may vary from 140 to 3000 A. Hollow spheres tend to fuse and stay aggregated even after compounding with polymers. Carbon black composites offer an upper limit of conductivity of about 10 Sl-1-crri ', with a lower degree of loading by weight compared to other conductive fillers. The electrical conductivity of carbon black composites does not increase linearly with the amount of carbon black added. The highest conductivity is obtained when the carbon black forms a continuous network on which the charge can travel. The effectiveness of carbon blacks as conductive fillers varies with the type of carbon black. However, the conductivity of the composite does not solely depend on the quantity and type of carbon black; compounding also has a profound influence. Over-processing and mechanical deformation of the final product may lead to an appreciable loss of conductivity.
In this study, we experimented with the carbon blacks listed in Table 1 in formulating substrate compositions with the best conductivity, physical properties, processability, and cost. Different grades of carbon black are distinguished by their surface area, structure, and surface chemistry. Surface area is best measured by adsorption of nitrogen and structure is measured by adding a vehicle such as linseed oil or dibutyl phthalate (DBP) until the void spaces in carbon black are filled. Surface chemistry is seldom analyzed in detail, since the methods needed are somewhat difficult and time-consuming. The grades with higher surface area, higher structure, and lower volatile content are the most electrically conductive carbon blacks.
Vulcan XC-72 is a furnace black and has been a plastic industry standard for many years. The Vulcan XC-72, while very economical, called for such a high loading level for optimum conductivity that the physical properties of the electrode suffered greatly. Black Pearl 2000 eliminated the problem of excessive loading, but processing difficulties were encountered. The Ketjenblack EC offered the best combination of properties for the electrode application. It was an effective filler with a high conductivity value for the weight percent carbon used, and was more forgiving to over-processing. Once compounded, carbon black composites may be injection molded, extruded, stamped, or cast into any solid shape. The ability to mass produce the major components of the battery systems through inexpensive processes makes the zinc bromine battery a favorable candidate compared to the other advanced batteries for many applications. ,
Polymeric Matrix Selection
One of the first zinc-bromine battery systems developed used a conductive plastic as bipolar electrode [6] . These original electrodes had a PP copolymer/carbon black/glass fiber mixture and were prepared by a coextrusion process [7] . The electrode had a plastic center and insulating plastic top and bottom borders for mounting and manifolding. To test their chemical stability, these electrodes were exposed to the aqueous electrolyte at 50 ° C for an extended time.
Samples were taken periodically and tested for any decrease in molecular weight and loss in tensile strength.
The results of these tests are given in Figure 1 . A significant drop in both molecular weight and tensile strength of PP based substrates was observed as a function of time. Bromine was continually absorbed onto the electrode over time, causing unacceptable expansion and warpage plus extensive weakening of the electrode's physical properties. It is obvious from these graphs that the matrix material was being attacked by the bromine in the electrolyte. The primary reaction of bromine on polypropylene is the bromination of the polymer chains. The rate of bromination is dependent on the type of polypropylene used, i.e., the availability of hydrogen atoms on a tertiary carbon atom. It is estimated, however, that bromine reacts with PP 20,000 times faster than it reacts with polyethylene. The brominated polymer undergoes subsequent chain-scission and the byproduct is primarily hydrogen bromide.
To compare the chemical stability of PP and HDPE based composites, samples were exposed to bromine vapor for ten days. Then, the DSC thermograms for the samples before and after exposure to bromine were compared. Polymer degradation became apparent in the second DSC heating cycle. A significant drop in the melting point of PP from 163 ° C to 147 ° C can be seen in Figure 2 . Under similar conditions, thermograms for the HDPE based composite samples show no change in its melting point. Therefore, HDPE proved to be more resistant to bromination than PP. At this point, many other polymers, including PVDF, were considered as alternatives. However, due to its ease of processability and extremely low cost, HDPE was chosen as the matrix material for the substrates.
Electrode Development
The addition of carbon black to the polymer composite is necessary to get the needed conductivity levels. However, because of its high surface area, carbon black readily absorbs bromine and causes the electrode to expand extensively.
Addition of carbon black to the composite causes the material to gain over 20 % of its weight after exposure to bromine vapor for 24 hours at room temperature. This is 10 times greater than the weight gain that the substrate material exhibited before addition of carbon black. This gain in weight shows extensive bromine absorption by the carbon black, which results in warpage of the electrode.
To eliminate warpage, fibers are added to the conductive plastic. The improvement in dimensional stability and mechanical properties depends on the fraction of fibers, fiber length (aspect ratio), fiber orientation distribution, and stress transfer efficiency of the interface [8] . Each of these factors needs to be optimized, if possible, for a given application. However, some of these factors are not easily controllable. More important, they are dictated by the production method chosen. For instance, very complex parts can be produced at very high production rates with injection molding. However, injection molding does not provide any control of the fiber orientation in the part and significantly limits the fiber length that can be retained. Through the extrusion process, fibers become oriented parallel to the extrusion direction, resulting in anisotropic properties. To meet the requirements of this demanding application, therefore, a composite with better mechanical properties and dimensional stability than offered by the injection molded or extruded composites was needed.
Two novel thermoplastic composite sheet making processes were used to compare the performance of the injection molded and extruded electrodes. These materials are known in the industry as &dquo;glass-reinforced thermoplastic sheets&dquo; or &dquo;stampable thermoplastic sheets.&dquo; They compete with sheet-steel stamping, injection moldings and parts molded from thermoset sheet molding compounds (SMC) in many applications. The stampable thermoplastic sheets can be manufactured by either a lamination or a slurry process.
LAMINATION PROCESS (GLASS MAT REINFORCED)
The first method used in making the thermoplastic composite sheet is based on a lamination process and is known as &dquo;glass mat reinforced thermoplastics&dquo; (GMRT). This technology uses a continuous thermal forming press which is described in an article of Plastics Technology magazine, September 1980 issue. As shown in Figure 3 , a pair of glass mats are combined in a desired ratio with a matrix resin containing carbon black, which is supplied from an extruder. A single mat could also be used to produce thinner substrates using this technique.
The combined materials are then sent through a temperature controlled laminator to form the composite sheet in the desired thickness. The laminator features a double steel belt press that conveys the feedstock through a controlled timetemperature-pressure cycle. It feeds out a continuous sheet of finished product at Figure 3 . Glass mat reinforced thermoplastic (GMRT) sheet process.
. Table 2 . Expansion of the GMRT electrodes in the aqueous catholyte for two weeks as a function of glass loadings.
the other end. This product can either be cut to length, slit to width, rolled onto take-up coils or fed continuously into a subsequent process, such as stamping. The continuous fibers in the mat, while completely dispersed, form an intricate three-dimensional network and provide essentially isotropic properties. The process can handle thicknesses of 0.010-1.0 inch and glass contents of 10-70%. For the bipolar electrode application, the resin and the plastic films were introduced as loaded with carbon black to provide a conductive sheet.
Electrodes prepared by lamination process and containing various amounts of glass mat were tested by exposing them to the aqueous electrolyte for a period of two weeks. As expected, the electrode became more stable and exhibited less expansion with increasing amounts of glass mat. Data obtained using different levels of glass mat is given in Table 2 .
SLURRY PROCESS (LONG FIBER REINFORCED)
The second method used in making the thermoplastic composite sheet is based on a slurry process similar to a paper making technique. This process produces a sheet reinforced with long, discrete, finely dispersed fibers. Initially, powdered resin is mixed with 1-2 inch long discrete glass fibers in an aqueous solution. The fibers are originally in bundles, but through gentle mixing are thoroughly dispersed throughout the solution, forming an equally distributed glass network in exactly the desired ratio. After mixing, the solution is drained to form a loose web which is then dried, heated, consolidated, and cut to a desired dimension.
For the bipolar electrode application, the resin is compounded with carbon black and pelletized before this processing, and then introduced in the powder form to provide a conductive sheet.
To evaluate the stability of substrates prepared through different processing techniques, the liquid bromine exposure test was carried out. Average changes in the dimensions along the length and width of the substrates were plotted as a function of days exposed to liquid bromine (Figure 4 ). The curves 1, 2, and 3 in Figure 4 represent the short fiber reinforced substrates. Curve 4 is a conductive PVDF substrate without any reinforcement. Curves 5 and 6 are the glass mat and long fiber reinforced substrates prepared by lamination and slurry processes. All Figure 4 . Dimensional changes in the substrates exposed to liquid bromine for an extended period of time; 1: PP + carbon black + glass fibers (extruded), 2: HDPE + carbon black + glass fibers (extruded), 3: HDPE + carbon black + glass fibers (injection molded), 4: PVDF + carbon black (extruded), 5: HDPE + carbon black + continuous glass fibers (GMRT), and 6: HDPE + carbon black + 1-2&dquo; long glass fibers (slurry process). the substrates in Figure 4 have an equal amount of carbon black and an equal amount of fiber glass. They have a resistivity of about 1.5 0-cm as measured by the four-point probe technique.
The use of a fluorinated polymer greatly increases the chemical stability of a composite substrate. Although PVDF is more costly than HDPE and PP, it was used here to get a base level of expansion which the other electrode materials could be compared to. HDPE based substrates pick up bromine and reach a saturation in a few days, while PP and PVDF based substrates continue to pick up bromine up to 2 and 4 weeks. PP based substrates showed an unacceptable level of an average 6 % expansion in dimension. Battery testing showed that batteries with PP based electrodes were failing at low cycle life because of excessive electrode warpage. Furthermore, electrodes showed an uneven expansion because of the anisotropic nature of the extruded substrates. Expansion was much larger perpendicular to the extrusion direction.
HDPE based substrates proved to be more stable than the comparable PP based substrates. Extruded HDPE based substrates showed only about one third of the extruded PP ones. Injection molded HDPE based substrates exhibited more ran-dom fiber orientation distribution and therefore, resulted in an average expansion close to half that of extruded HDPE based substrates.
PVDF based conductive plastic without any reinforcement displayed better dimensional stability than any of the HDPE or PP based short fiber reinforced substrates. Bromine pick up was much slower in these substrates. However, after four weeks, they showed an expansion of close to 1 % .
The electrodes produced by both lamination and slurry processes exhibited superior dimensional stability compared to the short fiber reinforced substrates prepared by extrusion and injection molding. Part of the reason for this greater stability was that the GMRT substrates contained continuous fibers, while substrates produced through the slurry technique contained long fibers. The glass mat and the long fibers formed a continuous network, granting the electrodes excellent load bearing and dimensional stability. Also, the glass fibers are fully whetted by the polymer in the slurry process and therefore, the resulting electrode has excellent load bearing properties and shows the smallest expansion. Furthermore, the random orientation of the fibers eliminated the possibility of uneven expansion or warpage in the electrode. Battery systems containing electrodes prepared by these processes exhibited longer life without any failures by warpage.
In conclusion, the composite substrates prepared by both the lamination and slurry processes produced electrodes with high conductivity and excellent dimensional stability. These composites minimize the possibility of battery failure that results from excessive warpage, and can be mass produced inexpensively.
